Receptor proteins for photoreception have been studied for several decades. More recently, putative receptors for olfaction have been isolated and characterized. In contrast, no receptors for taste have been identified yet by molecular cloning. This report describes experiments aimed at identifying a receptor responsible for the taste of monosodium glutamate (MSG). Using reverse transcriptase (IV)-PCR, we found that several ionotropic glutamate receptors are present in rat lingual tissues. However, these receptors also could be detected in lingual tissue devoid of taste buds. On the other hand, RT-PCR and RNase protection assays indicated that a G-protein-coupled metabotropic glutamate receptor, mGluR4, also is expressed in lingual tissues and is limited only to taste buds. In situ hybridization demonstrated that mGluR4 is detectable in 40-70% of vallate and foliate taste buds but not in surrounding nonsensory epithelium, confirming the localization of this metabotropic receptor to gustatory cells. Expression of mGluR4 in taste buds is higher in preweaning rats compared with adult rats. This may correspond to the known higher sensitivity to the taste of MSG in juvenile rodents. Finally, behavioral studies have indicated that MSG and L-2-amino-4-phosphonobutyrate (L-AP4), a ligand for mGluR4, elicit similar tastes in rats. We conclude that mGluR4 may be a chemosensory receptor responsible, in part, for the taste of MSG.
al., 1984; Akabas et al., 1988; Avenet et al., 1988; Cummings et al., 1993) and biochemical (Striem et al., 1989; Hwang et al., 1990; Striem et al., 1991; Ruiz-Avila et al., 1995) evidence suggests that some stimuli, such as saccharin, sucrose, and denatonium (an intensely bitter compound), also may be mediated via G-proteincoupled pathways. Receptors, similar to those in olfactory neurons, have been cloned from lingual epithelia but do not appear to be expressed in taste buds (Abe et al., 1993; Matsuoka et al., 1993) . Thus, to date, no membrane receptors for sweet or bitter taste have been identified by molecular cloning.
Also, receptors and intracellular pathways for the transduction of amino acids as taste stimuli are not well defined. It has been postulated that glutamate taste is transduced, in part, by glutamate receptors (GluRs) similar to those found in the brain (Faurion, 1991; Akabas, 1993) . Ionotropic glutamate receptors (iGluRs) in the brain include ion channels selectively activated by AMPA, kainate (KA), NMDA; and KA-binding subunits; and the poorly understood 6 and x receptors (Hollmann and Heinemann, 1994; Ciabarra et al., 1995) . The subunits for these receptors are characterized by four transmembrane helices and are related distantly to ionotropic receptors for other neurotransmitters. In contrast, metabotropic glutamate receptors (mGluRs) contain seven putative transmembrane segments and large, globular N and C termini (Houamed et al., 1991; Masu et al., 1991; Abe et al., 1992; Tanabe et al., 1992; Nakajima et al., 1993) . This family displays no sequence similarity with the extensive superfamily of heptahelical receptors for neurotransmitters, hormones, or odorants. Both classes of glutamate receptors-iGluRs and mGluRsare widely distributed throughout the central nervous system, and a few show scattered expression in some peripheral ganglia.
We show here that several brain GluRs are expressed in the RT-PCRs were performed using degenerate primers for iGluRs with poly(A)RNA from vallate and foliate papillae. The amplification product (-490 bp) from several PCRs was subcloned into pKS-. Eighteen recombinant clones were randomly picked, were subjected to diagnostic restriction tests, and were thereby assigned to five groups of sequences with similar patterns. Two members of each group were subjected to DNA sequence analysis to confirm their identities. One of the groups contained sequences unrelated to iGluRs and presumably represents nonspecific amplification. The sequences in four groups shown above were identical to previously published sequences of iGluRs from rat brain.
lingual epithelium but that a single metabotropic receptor, mGluR4, is expressed selectively in taste buds. Based on developmental and behavioral studies, we conclude that mGluR4 may be involved in transducing the taste of glutamate.
Some of these results have been reported previously in preliminary form (Cartford et al., 1994; Chaudhari et al., 1994) .
MATERIALS AND METHODS
Tissues und RNA. Harlan Sprague-Dawlcy rats wcrc used for all of the reported studies. Experimental tissues were dissected rapidly and frozen on dry ice. Poly(A)RNA was cxtractcd directly by using the Fastrack kil (Invitrogen, San Diego, CA), yielding 0.4-0.8 kg RNA/mg tissue.
Reverse transcriptuse-PCR. Poly(A)RNA (0.5 wg) and random hexamcr priming were used to generate a single-strand cDNA template for PCR (Saiki et al., 1988) . Specific PCR primer pairs were selected with the aid of the Primer Designer 2 program (Scientific and Educational Software). Amplifications were optimized on brain RNAs before proceeding with lingual RNAs and were performed at high annealing temperatures to ensure specificity. To amplify NMDARl (Moriyoshi et al., 1991) , primers were located in the N-terminal extracellular domain; the primers correspond to the amino acid sequences TMHLLTF (upstream) and PGTKN-VTA (downstream).
Degenerate primers were designed to maximize amplification of rare mRNAs (Libert et al., 1989) . The degenerate primer pair for iGluRs corresponded to the amino acid sequences WN(G/R/K)MVGE (upstream) and YTANLAA (downstream), located before putative transmembrane in domains I and III, respectively. To assess the efficacy of these primers, WC pooled the -490 base pair (bp) product from several PCRs from brain RNAs. This complex mixture was digested separately with restriction endonucleases that would generate unique fragments for each of the iGluRs. This assay confirmed the successful amplification of KAl, KA2, NMDARl, 6 -1, and 6-2 receptors from brain RNA.
[We have not yet tested amplification of x-1 receptors with our degenerate primers. The sequence has been published only recently (Ciabarra et al., 1995) .]
Degenerate primers for mGluRs were located at amino acid residues
[5'-c(ga)(ga)tt(gt)gtcttggt(gc)ag(gc)ag-3'1 for the upstream and downstream primers, respectively. These primers span approximately one-third of the extracellular N terminus and the first three transmembrane hclices. PCRs were optimized using RNA from rat brain plus retina (because mGluR6 is expressed in retina but not appreciably in brain) (Nakajima et al., 1993) . PCRs with annealing temperatures at 55-58°C yielded a band of the expected size, -800 bp. Replicates of four independent PCRs from brain plus retina were subjected to diagnostic restriction digests. SmaI, NcoI, and PvuII were used, because recognition sites for thcsc enzymes are present at unique positions in each member of the mGluR family. These diagnostic digests confirmed that mGluR2-6 was unambiguously amplified with our degenerate primers. [After these amplifications were completed, Saugstad et al. (1994) reported the cloning of mGluR7. We do not know whether this receptor is present in taste buds, because the DNA sequence is amplified only inefficiently from brain RNA using our degenerate primers.] Independently, a primer pair specific for mGluR1 [amino acid residues 164-171 (5'-cagctctgtggccattcaagtc-3') and 464-471 (5'-tctcatcgaaccacacctcctc-3')] readily amplified the expected product from cerebellar RNA but failed to show any amplification product in vallate and foliate papillae. cDNAs and subclones. PCR products from vallatc and foliate papillae, obtained with degenerate primers to iGluRs and mGluRs, were subcloned separately by blunt-end ligation into the SmaI or I?oRV site of bluescript pKS-. Recombinant colonies derived from the iGluR amplifications are described in Table I RNuseprorecfion rrsstry. Single-strand antisensc RNAs, Iabrlcd with "-?P to -I .5 X IO" dpm/wg, wcrc synthcsizcd using T7 RNA polymerase (Promega, Madison, WI) . Approximately 9 kg of poly(A)RNA, rcpresenting vallatc plus foliate papillae from four to six rats, was used for each hybridization reaction. RNase protection assays were performed essentially as described (Kintner and Melton, 1987) but were modified with a guanidine isothiocyanate step to replace the phenol extractions (Hod, 1992) . Protected fragments were analyzed on denaturing 6% polyacrylamide-urea gels. A template for the positive control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was obtained commercially (Ambion, Austin, TX).
In situ hybridization. The method detailed by McLaughlin and Margolskee (1993) for lingual epithelia was used with several modifications, described below, necessary for detecting mRNAs of low abundance. We find that probes synthesized from the T7 promoter generate less nonspecific background on epithelial sections than those from the T3 promoter. Thus, clones in two orientations were used as templates, allowing us to synthesize both sense and antisense probes using T7 polymerase. Radiolabeled probes were hydrolyzed with alkali: unlabeled herring DNA, used as a blocking agent, was hydrolyzed with acid and alkali (Wisden et al., 1991) to improve penetration into cells. Hybridization was conducted at 56°C in 0.3 M rather than in 0.6 M NaCl to raise stringency; an additional high stringency wash (50% formamide, 2X SSC at 60°C) was introduced after RNase digestion. Probes were labeled to 1.5 X IO" dpm/pg with [""Pluridine triphosphate and applied to 10 km tissue sections at l-3 X lo4 dpm/pl. Probes for mGluR4, KA2, and NMDARI were validated on frozen sections of rat brain. An intense hybridization signal was obtained only over regions previously shown to express these mRNAs (Moriyoshi et al., 1991; Tanabc et al., 1992; Henley, 1994) . The probes did not cross-hybridize to other GluRs in brain sections. Gustducin probes were synthesized from a plasmid provided by Dr. R. Margolskec, Rochc Institute.
Conditioned taste aversion. Conditioned taste aversion (CTA) can be induced in rats by injecting LiCl after the rat has imbibed a neutral taste stimulus. Afterward, the rat will avoid the taste stimulus for many days, presumably because LiCl produces a temporary visceral distress that is associated with the taste stimulus (Tapper and Halpern, 1968; Smith, 1970; Nowlis et al., 1980) .
We conducted two series of CTA experiments for this study. Although MSG has long been used in CTA protocols, effective taste concentrations of AMPA, KA, NMDA, and L-2-amino-4-phosphonobutyrate (L-AP4) have not been measured. Thus, the first series of experiments was conducted to determine whether glutamate agonists could be used in the CTA paradigm and, if so, to establish appropriate concentrations for each agonist. Specifically, we ran a series of experiments aimed at establishing a conditioned aversion to MSG, AMPA, KA, NMDA, or L-AP4. Rats were maintained on a 22.5 hr water deprivation schedule for the duration of the experiment. Before conditioning, all animals were entrained to the deprivation schedule and trained to drink in a computer-controlled device that is designed specifically to monitor drinking in rats (Davis MS80 Lickometer, DiLog Instruments, Tallahassee, FL). All conditioning and testing sessions used the lickometer to present water or taste solutions in 32 ten second trials. On the conditioning day, the rats were allowed to ingest either 100 mM MSG (n = 12 rats), 5 mM AMPA (n = 8 rats), 25 mM KA (n = 12 rats), 50 IIIM NMDA (n = 12 rats), or 10 IIIM L-AP4 (n = 8 rats) during a 15-20 min session. Every taste stimulus was presented in 12 or more of the trials, with at least one water trial intervening between each taste stimulus. All solutions of glutamate agonists were titrated to pH 6.0-7.0 to avoid potential complications introduced by acid taste. Also, all solutions, including water, contained 30 pM amiloride to minimize the contribution of Na+ taste (Heck et al., 1984; Yamamoto et al., 1991; Gilbertson and Gilbertson, 1994) . Half of the rats for each taste stimulus were injected intraperitoneally with 0.3 M LiCl (at 1 ml/100 gm body weight). As a control, the remainder were injected with 0.15 M NaCl (at 1 ml/100 gm body weight).
The next day, the rats were given 32 ten second presentations of only water in the lickometer. Two days after conditioning, each rat was presented with several concentrations of the same agonist as had been presented on the day of conditioning. Concentrations spanning two orders of magnitude were presented randomly to establish the thresholds and gradients for aversion to each agonist. For each rat, lick rates for each taste stimulus were divided by the mean lick rate for the intervening water trials. Concentrations of each agonist for which this ratio [lick ratio (LR)] fell between 0.7 and 0.8 were assumed to be near the threshold at which rats avoided consuming the solution and were defined as the "low" concentration in the second CTA experiment (below). A "medium" concentration for each agonist was selected from concentrations that yielded LR values of 0.35-0.7, i.e., in which avoidance was approximately half maximum. A third, "high," concentration was selected that yielded LR values below 0.35. The gradients became nonlinear at more elevated concentrations. The low, medium, and high concentrations for each substance contained (in XIIM): MSG 1.5, 15, and 50; AMPA 0.1, 1, and 5; KA 0.5, 5, and 25; NMDA 0.5, 10, and 25; L-AP4 0.1, 5, and 10.
The second series of experiments tested whether rats conditioned to avoid MSG generalized this aversion to any of the glutamate agonists (see Fig. 6 ). Water-deprived rats (n = 64) were presented with 100 mM MSG in a 15-20 min session, as above. Immediately afterward, half the rats were injected with LiCl (experimentals) and half with NaCl (controls). Two days later, each rat was tested with water, 150 IIIM MSG, 25 mM KCI, 100 mM sucrose, and three concentrations (low, medium, and high) of a glutamate agonist, all presented in random order. Thus, each of the test solutions shown in Figure 6 was presented to two groups of rats, an experimental group and a control group. Each taste stimulus was presented for 10 set twice during the 32 trial test session. Presentations of taste stimuli were alternated with presentations of water. As before, all solutions were held at pH 6-7 and contained 30 pM amiloride. For each rat and for each presentation, the lick rate for a taste stimulus was divided by the mean lick rate for the intervening water trials, as in experiment 1. These LRs were used to conduct the statistical analyses included in the Results. In Figure 6 , to simplify the display of data and to show comparisons between MSG and glutamate agonists, normalized LRs are plotted. That is, the LR for each concentration of stimulus for each experimental rat (injected with LiCl) was normalized to the averaged value of LR for the same concentration of stimulus for the group of control rats (injected with NaCI). These normalized ratios (mean t SEM) are plotted on the ordinate in Figure 6 . KC1 was included in these tests as a neutral distractor. Preliminary CTA studies (data not shown) indicated that the rats readily detected 25 mM KC1 but that this concentration was not inherently aversive. Therefore, we used KC1 to test for a "dirty water effect" (Spector and Grill, 1988) , by which rats might avoid all unfamiliar taste substances in a nonspecific manner. The shaded band across the top of Figure 6 indicates the range of responses obtained for 25 IIIM KC1 in these experiments. These data establish the range of nonspecific aversion which might have occurred in this experiment. Only responses falling outside this range should ,be considered specific aversions to taste stimuli.
We also tested rats with 100 mM sucrose, because MSG aversion is known to generalize to sucrose in the presence of amiloride (Yamamoto et al., 1991) . This control was included to validate the conditioning paradigm in the event that none of the agonists had shown any generalization. We found that aversion to MSG did generalize to sucrose for all groups of animals (normalized LR = 0.28 + 0.02; n = 32). Beyond its C SEV 611bp * Figure 1 . RT-PCR to detect NMDA-glutamate receptor expression in lingual epithelium. Poly(A)RNAs from several tissues were reversetranscribed and subjected to PCR using primers specific for NMDARl. Tissues analyzed included cerebellum (C), which expresses NMDARs; skeletal muscle (S), which is not known to express any GluRs; lingual epithelium (E), which lacks taste buds; and vallate plus foliate papillae (V'), which contain abundant taste buds. The gel was loaded with 5 ~1 of each reaction. With cerebellar RNA, the expected 611 bp PCR product (arrow) was consistently obtained, as well as faint higher bands that correspond to alternative splicing variants within the amplified region (Durand et al., 1992; Nakanishi et al., 1992) . The far leji and right lanes contain a 100 bp ladder.
function as an assay of MSG generalization, our data do not provide additional insights as to the interactions between MSG and sucrose.
RESULTS iGluRs
In mammals, clusters of chemosensitive cells are the primary receptors for the sense of taste. Vallate and foliate papillae on the surface of the tongue contain taste buds that are known to be stimulated by glutamate. Brand et al. (1991) reported that glutamate activates Ca*+-permeable channels in reconstituted membranes derived from lingual epithelium. Therefore, we initially applied a reverse transcriptase (RT)-PCR strategy to search for iGluRs selective for NMDA. In one series of experiments, PCR primers specific for NMDARl (a ubiquitous subunit of NMDARs) (Moriyoshi et al., 1991) were used. In amplifications with poly(A)RNA from vallate and foliate taste papillae, the expected 611 bp product was detected and was confirmed to be NMDARl by subcloning and sequencing. The results indicate the presence of NMDARl in tissues containing taste buds (Fig. 1) . However, a similar PCR product also was obtained from RNA from surrounding nontuste lingual epithelium. Thus, although NMDARs clearly are present in lingual tissue, they seem not to be associated specifically with taste buds.
We also used primers for the GluRl-4 subfamily of (AMPAselective) iGluRs. Using poly(A)RNAs from rat tissues, we did not obtain PCR products from vallate and foliate papillae nor from lingual epithelium devoid of taste buds (data not shown). To determine whether additional iGluRs also might be expressed in lingual epitheha, we used degenerate PCR primers for the entire superfamily of iGluR sequences. Amplifications using brain RNA yielded an intense band at the expected size of -470 bp, which was verified by restriction digestion, to contain all members of the iGluR superfamily. These validated degenerate primers were used in PCRs with mRNA from rat vallate and foliate papillae and consistently yielded a product of the expected size (-470 bp). PCR products from multiple reactions using separate batches of vallate and foliate RNAs were pooled and subcloned into a plasmid vector. Restriction digests were used as diagnostics to assign recombinants to receptor subtypes, as indicated in Table 1 .
Figure 2. RT-PCR to identify mGluR expression in lingual epithelium.
Poly(A)RNAs from several tissues were reverse-transcribed and subjected to PCR using degenerate primers for the family of mGluRs. Tissues analyzed included cerebellum (C), which expresses mGluRs; skeletal muscle (S), which is not known to express mGluRs; lingual epithelium (E), which lacks taste buds; and vallate plus foliate papillae (13, which contain abundant taste buds. The gel was loaded with 5 ~1 from the cerebellum reaction and 50 ~1 (concentrated by ethanol precipitation) of the other reactions. The arrow indicates the expected amplification product at -800 bp. The far left and right lanes contain a 100 bp ladder.
Then two members of each category were subjected to DNA sequence analysis to confirm the assignment and showed 100% identity to the published sequences of synaptic iGluRs. The results show that certain iGluRs-specifically, NMDARl, NMDAR2d, KA2, and &l-are present in lingual tissues. Not all members of every subfamily were found in this analysis. However, we found that the same iGluR sequences also were amplified when lingual epithelium lacking taste buds was used as a source of RNA. Thus, it seems that NMDARs, as well as other iGluRs, are not restricted to taste buds.
Although the PCR results implied that iGluRs are found in taste and nontaste epithelia alike, we also performed in situ hybridizations for KA2 and NMDARl to test this conclusion. 33P-labeled sense and antisense RNA probes were hybridized on adjacent sections as described in Materials and Methods. Unevenly distributed silver grains were visible over lingual sections, i.e., over taste buds and nonsensory and glandular epithelia. We could dctcct no consistent localization over any specific cell type. Thus, the PCR products obtained for iGluRs may represent mRNA concentrations below the limit of detection by in situ hybridization. The presence of mRNA for NMDARl has been reported in enteric neurons and autonomic and sensory ganglia Burns et al., 1994; Watanabe et al., 1994) . We did not observe any ganglia or neurons showing positive hybridization for NMDARl, KA2, or mGluR4 in our lingual sections. mGluRs We also used RT-PCR to test for the presence of mRNAs for mGluRs in rat taste buds. Degenerate primers specific for the family of mGluRs were selected from regions of high sequence identity. (The amplified segment included 185 amino acid residues of the extracellular N terminus and the first three transmembrane helices.) These primers readily amplified mGluRs from brain RNA, as determined by restriction digests of PCR products (see Materials and Methods). RNA from taste bud-enriched lingual tissue (vallate and foliate papillae) yielded an amplification product of the expected size, -800 bp (Fig. 2) . RNA from lingual epithelium lacking taste buds did not yield this amplification product, implying that in lingual epithelium only taste buds express mGluRs. Parallel amplifications using iGluR and mGluR degenerate primers on the same batches of mRNA from taste and nontaste epithelia confirmed that only mGluRs seemed to be limited to taste buds.
Restriction analyses of products from 10 RT-PCRs from taste papillae consistently and unequivocally demonstrated that all of the amplified DNA represented mGluR4. Products from several RT-PCRs of taste papillae were subcloned. All clones that were subjected to restriction analysis (n = 21) displayed identical digestion patterns. The DNA sequences of two representative clones were determined and were found to be 100% identical to the corresponding region of mGluR4 from rat brain (Tanabe et al., 1992) . We found no evidence for mGluR1,2,3,5, or 6 in taste papillae. Thus, although the degenerate primers we used allowed the amplification of mGluRl-6, the product from lingual papillae seemed to represent only a single species, mGluR4.
RNase protection assays, although less sensitive than RT-PCR, provide an independent, reliable, and quantitative estimate of mRNA expression in tissues. A radiolabeled RNA probe was synthesized from the subcloned PCR product (i.e., mGluR4) from vallate papillae. After hybridization with poly(A)RNA from cerebellum (positive control tissue) and vallate and foliate papillae, similar protected fragments of the expected size were obtained (Fig. 3) . Very faint or no bands were visible in the corresponding region of the gel when RNA from epithelium devoid of taste buds was hybridized to the mGluR4 probe. (These faint bands were not statistically distinguishable from nonspecific background bands when the gels were analyzed densitometrically.)
Localization of mGluR4 Because RT-PCR and RNase protection suggested mGluR4 expression only in lingual tissues that contain taste buds, we used in situ hybridization to resolve mGluR4 expression at the cellular level. Probes were single-strand RNAs, labeled with 33P and applied to sections of lingual epithelium. Epithelium from vallate and foliate papillae was compared to adjoining epithelium devoid of taste buds. Hybridization with an mGluR4 antisense probe yielded clusters of silver grains over 40-70% of taste buds in foliate and vallate papillae (Fig. 4A, B, 0) . No signal was detected above background on surface epithelium or over regions lacking taste buds. Furthermore, mGluR4 RNA was absent from glands, connective tissue, and muscle within the same tissue sections. Parallel hybridization with a sense (control) probe showed no signal above background (Fig. 4C, E) . Although we have not performed quantitative measurements, grain densities over foliate taste buds seemed consistently higher than those over vallate taste buds.
Also, in situ hybridizations were conducted in parallel with antisense probes either for mGluR4 or gustducin, a taste-specific G-protein (McLaughlin et al., 1992) . Grain densities after autoradiography suggested that mRNA levels for mGluR4 were 30-100 times lower than for gustducin (compare Fig. 4 , D and r;>. Although we have no explanation for this phenomenon, a similar imbalance has been noted earlier in olfactory receptor neurons. Using quantitative PCR, Margalit and Lancet (1993) demonstrated that mRNA for the olfactory-specific G-protein G,,,, is over loo-fold more abundant than mRNAs for odorant receptors.
The low concentration of mGluR4 mRNA may place it near the limit of detection by in situ hybridization and may account for the lack of signal over some taste buds. Furthermore, the resolution of our in situ hybridizations does not permit us to determine how many cells within a taste bud express mGluR4 mRNA. 
Is mGluR4 a chemosensory receptor?
The preceding results demonstrate that, in lingual tissue, mGluR4 is localized selectively to taste buds. We asked whether this receptor might serve as a primary receptor for MSG as a taste stimulus. Juvenile rodents, before weaning, have a higher taste sensitivity for MSG than do adults (Ninomiya et al., 1991) . Thus, we asked whether the expression levels of mGluR4 in taste buds of young versus adult rats were correlated with the known differences in taste sensitivity. As shown in Figure 5A , RNase protection indicated that the concentration of mGluR4 mRNA is higher in preweaning rats (3-4 weeks old) than in adult rats (3-4 months old). Densitometric analyses of three such experiments indicated that mGluR4 mRNA is present at two-to threefold higher levels in young versus adult rats. Similarly, parallel in situ hybridizations demonstrated that vallate taste buds from 19-to 25-d-old juvenile rats contained higher concentrations of mGluR4 mRNA (as evidenced by grain density) than those from adult rats (Fig. 5&C) . These data suggest a correlation between glutamate taste sensitivity and mGluR4 expression in young versus adult rats. Such a correlation supports the postulate that mGluR4 is a taste receptor.
To test the hypothesis that mGluR4 is a chemosensory receptor for MSG, we applied a behavioral assay, CTA. This method determines whether a given stimulus (in this case, MSG) resembles, i.e., generalizes to the taste of another substance (Tapper and Halpern, 1968; Smith, 1970; Nowlis et al., 1980; Spector and Grill, 1988) . If mGluR4 is a primary taste receptor, then its activation by either glutamate or an appropriate pharmacological agonist should elicit similar taste perceptions. CTA should reveal such a similarity.
In our CTA experiments, rats were allowed to imbibe 100 mM MSG, which they readily consumed. Then they were injected intraperitoneally with LiCl to induce temporary gastric distress; control rats were injected with NaCl, which had no effect. Rats conditioned to avoid MSG were presented with solutions of AMPA, KA, NMDA, and L-APA These are known agonists for subsets of iGluRs and mGluRs. Conditioned rats exhibited a strong dose-dependent aversion to MSG itself (Fig. 6 , filled circles), confirming that the CTA learning paradigm was successful. MSG-conditioned rats displayed no aversion to solutions of AMPA or NMDA, implying that these agonists do not activate the taste receptor for glutamate. Rats conditioned to avoid MSG showed only a slight aversion to KA at the highest concentration. In contrast, MSG-conditioned rats (but not naive, unconditioned rats) exhibited a strong, dose-dependent aversion to L-AP4 (Fig. 6 , open squares). These experiments indicate that, to rats, the perceived taste of L-AP4 is similar to that of MSG. L-AP4 is a known agonist for mGluR4 and mGluR6, of which only mGluR4 seems to be expressed at significant concentrations in taste buds. Thus, the CTA data suggest that activation of mGluR4 by L-AP4 mimics the natural activation of a taste receptor by MSG. The absence of aversion against NMDA and AMPA and only weak aversion against KA demonstrate that activation of iGluRs does not mimic the taste of MSG and highlights the specificity of the behavioral response to L-AP4.
Statistical analyses of CTA experiments
We performed a number of statistical analyses to test the validity of our conclusions from the CTA experiments. Unconditioned, water-deprived rats imbibed all taste stimuli, including glutamate agonists. Mean lick rates for each taste stimulus ranged from 51 to 62 licks/l0 sec. To compare responses to taste stimuli from animal to animal and across experimental groups, we calculated an LR for each taste stimulus for each rat (see Materials and Methods). LR values from each experimental group (rats injected with LiCl) and control group (rats injected with NaCl) were compared, and F ratios were calculated using ANOVA procedures and, as appropriate, simple effects or Newman-Keuls tests.
Two series of experiments were conducted, as explained in Materials and Methods. In the first series, we determined optimum concentrations of glutamate agonists to use in the second series. In the first series of experiments, rats from control groups (those injected with NaCl) exhibited LR values between 0.9 and 1.1 for all taste stimuli during their testing sessions (all F ratios ~2.0). In contrast, for experimental rats (those injected with LiCl), the mean LRs for 150 mM MSG and for the highest concentration of each glutamate agonist were ~0.35. All ANOVAs found significant differences between the respective control and experimental groups (allp < 0.01). These data showed that rats could be conditioned to avoid the glutamate agonists used in this study. The data also established concentrations of agonists that were appropriate to test in the second series.
In the second series, we conditioned an aversion to MSG and tested whether rats generalized this aversion to any of the glutamate agonists. These data are shown in Figure 6 . Altogether, 64 rats were tested as described in Materials and Methods. No taste aversions were detected in any of the control groups (rats injected with NaCI) (all F < 2.0). In contrast, all experimental groups (rats injected with LiCl) showed a significant aversion to MSG when compared with their control group (p < 0.01). The aversion to MSG generalized in a dose-dependent manner to certain agonists but not to others (see Fig. 6 ). In particular, no significant differences in lick rates were found between control and experimental rats tested with either AMPA or NMDA (Fig. 6 , open triangles) (F < 1 .O). In contrast, when compared with control rats, experimental rats showed a dose-dependent suppression of lick rates when tested with L-AP4 (Fig. 6 , open squares) (Fc,,,,) = 5.36;~ < 0.025).
Responses to 5 and 10 mM L-AP4 were suppressed. Post hoc comparison revealed significantly greater suppression at 10 than at 5 mM (p < 0.01). For rats tested with KA, experimental rats licked at rates significantly less than those of the control rats (Fc,,,4j = 5.37; p < 0.05) but, in this case, only when presented with the highest concentration (p < 0.05).
The results indicated that rats generalized an MSG aversion to some, but not all, glutamate agonists. A one-way ANOVA was A 151nt GAPC Flguue 5. Expression of mGluR4 in taste buds during postnatal development. A, RNase protection assays were performed with 9 pg poly(A)RNA from vallate plus foliate papillae (I) from either 19. to 26-d-old preweaning rats (3 wk.) or 3-month-old adult rats (3 mo.). The x-ray film was exposed for 17 d. The radioactivity in the mGluR4 doublet bands was densitometrically quantified and was normalized to the control GAPDH signal in the same lane. In three experiments using separate batches of mRNA, the protected doublet, 332/325 nt, indicated mGluR4 mRNA was found at an average of two-to threefold higher concentration in the younger animals. B, C, In situ hybridizations were run identically in parallel on vallate papillae from a 27.d-old juvenile rat (B) and a 120-d-old adult rat (C). Antisense probes for mGluR4, labeled with "P, demonstrate the higher grain density (indicating higher mRNA levels) obtained in taste buds from juvenile rats. Autoradiographic exposure, 8 weeks. Scale bar, 50 km.
used to compare data for the highest concentrations of MSG and each glutamate agonist shown in Figure 6 . The data for these concentrations could be compared because these solutions had suppressed responses to similar extents in the first series of experiments. Furthermore, they were the concentrations that showed the greatest likelihood of generalization of MSG taste aversion in the second series of experiments. The analysis revealed significant group differences (Fc4,33) = 9.75; p < 0.001).
Post hoc comparisons revealed that, whereas LRs for 50 mM MSG and 10 mM L-AP4 did not differ significantly, the LRs for these two solutions were significantly less than those for the other glutamate agonists 0, < 0.01). The results indicate that MSG taste aversion generalizes more to L-AP4 than to any of the other glutamate agonists.
DISCUSSION
Unlike vision or olfaction, the sense of taste is mediated periphcrally via a diversity of transduction mechanisms (Ronnet and Payne, 1995) . Taste cells are thought to express a number of receptors of distinct specificities. This may account for the variety of chemical substances that can elicit taste. Our results indicate that mGluR4 is associated uniquely with taste buds within the lingual epithelium of rats. mRNA for this G-protein-coupled receptor is not found in surrounding nontaste epithelium. Furthermore, mGluR4 expression is at higher levels in juvenile animals that have a higher taste sensitivity to glutamate relative to adults. More important, pharmacological activation of the mGluR4 receptor mimics the taste perception of MSG in a behavioral test. Based on these observations, we postulate that mGluR4 may be a chemosensory receptor in taste buds that is involved in transducing the taste of MSG. We cannot exclude the possibility that other GluRs, present both in taste buds and in surrounding nonsensory epithelia, may contribute to taste transduction. However, our behavioral data suggest that mGluR4 is the most likely candidate for the taste of MSG.
Several heptahelical (G-protein-coupled) receptors, similar to the putative odorant receptors, have been detected in lingual epithelium (Abe et al., 1993; Matsuoka et al., 1993) . However, the mRNAs for those receptors were found at equal or higher concentration in surrounding nontaste epithelium rather than in taste buds. Thus, their role as taste receptors is debatable. Recently, receptor-like activity stimulated by a bitter taste substance (denatonium) has been demonstrated, but not purified, from bovine lingual membranes (Ruiz-Avila et al., 1995) . Our results with mGluR4 are the first to demonstrate a receptor by molecular cloning that is expressed in taste buds and not in surrounding epithelium, making it a plausible candidate for a taste receptor. The recently cloned putative chemosensory receptors of Cuenorhabditis eleguns (Troemel et al., 1995) and putative mammalian pheromone receptors (Dulac and Axel, 1995) are also 7-transmembrane receptors coupled to G-proteins. Interestingly, the extracellular, ligand-binding regions of the N termini of mGluRs (O'Hara et al., 1993) and iGluRs (Stern-Bach et al., 1994) bear sequence and structural similarities to certain bacterial periplasmic-binding proteins. These prokaryotic proteins are believed to sequester nutritional components from the environment and may represent primitive chemosensory receptors.
Glutamate receptors in taste buds have been inferred from binding studies (Torii and Cagan, 1980; Cagan, 1987 receptors for glutamate is very low (K,, = 20-30 mM) (Torii and Cagan, 1980) relative to most synaptic glutamate receptors (EC,, = l-20 FM) (Hollmann and Heinemann, 1994) . Nonetheless, the binding affinity of glutamate at taste receptors is in the same range as taste thresholds for glutamate (l-10 mM in rats) (Yamamoto et al., 1991) . This implies that GluRs in taste buds may possess ligand-binding sites different from those of synaptic receptors. The glutamate-binding site of synaptic GluRs is predicted to be in the large extracellular N terminus (O'Hara et al., 1993) . It should be noted that the PCR product reported in this paper is downstream of the postulated glutamate-binding region. It is possible that in taste cells alternative splicing or other post-transcriptional modifications could give rise to an extracellular N terminus with a structure distinct from brain mGluR4. This could serve as the structural basis for the different binding affinities noted above. We are in the process of obtaining and analyzing full-length cDNA clones to examine this question. The binding of glutamate to taste receptors as well as the perceived taste of MSG is potentiated by 5'-IMP and 5'-GMP Chaudhari et al. l Membrane Receptors in Taste Buds (Sato and Akaike, 1965; Torii and Cagan, 1980; Yamamoto et al., 1991) . The primary sequence of the extracellular N terminus of brain mGluR4 does not contain consensus nucleotide-binding motifs. However, certain brain iGluRs, including KA-selective receptors, do possess such sites and/or are known to be modulated functionally by nucleotides (Henley, 1994) . Further studies may reveal sites for nucleotide interaction within the sequences of taste glutamate receptors. Also, interactions between mGluR4 and other receptors may be important for the complete taste perception of glutamate, termed umami. mGluRs and iGluRs are known to be coexpressed and functionally coupled in certain neurons (Harvey and Collingridge, 1993; Schoepp and Conn, 1993; Fitzjohn et al., 1995; Shen et al., 1995) .
CTA has been used to study perceptual similarities among taste substances (Spector and Grill, 1988) . Generalization in CTA experiments is sensitive to both the quality (sweet, sour, etc.) and the perceived intensity (concentration) of the conditioned and test stimuli. The similarity between the taste qualities of MSG and L-AP4 (an agonist at the mGluR4 receptor) is demonstrated in Figure 6 . The generalization between MSG and L-AP4 is dosedependent over a range of concentrations. We interpret these results to imply that the taste receptor for MSG is activated also by L-AP4, thus producing similar taste qualities for these two substances. It is possible that, in our experiments, the other agonists, although readily detectable to rats, produced tastes less intense than the tastes produced by MSG and L-AP4. Thus, we cannot rule out that higher concentrations of AMPA, KA, or NMDA might yield some taste generalization.
In transfected Chinese hamster ovary cells, activation of mGluR4 is associated with decreases in CAMP via inhibition of a cyclase (Tanabe et al., 1993) . Whether mGluR4 signaling in specific neurons and in taste cells is linked via inhibition of a nucleotide cyclase or via activation of a phosphodiesterase would depend on the presence of appropriate G-proteins and the regulatable enzymes required for these alternative pathways. MSG has been claimed to modulate other basic tastes (SjGstrGm, 1980; Maga, 1983; Pritchard and Norgren, 1991) . If mGluR4 is a taste receptor, its activation by dietary glutamate would presumably trigger a second messenger cascade that could regulate the transduction of other taste stimuli. Although several G-proteins, including gustducin and transducin, are localized in taste buds Finger et al., 1995; Ruiz-Avila et al., 1995) , a functional linkage with mGluRs remains to be elucidated.
Electrophysiological studies using membrane fractions from mouse tongue (not specifically from taste buds) incorporated into bilayers demonstrated the presence of receptors activated by glutamate and NMDA (Brand et al., 1991) . mGluRs would not be detected in such experiments. Our results are compatible with these studies, because we also found evidence for several iGluRs, including NMDARl, in lingual tissues. Also, there have been reports of widespread expression of mRNA for NMDARl in peripheral nervous tissues Burns et al., 1994; Watanabe et al., 1994) . More recently, ionic conductances and changes in cytosolic Ca2+ in response to applied glutamate have been recorded from mouse and rat taste buds (Sugimoto, 1994; Bigiani et al., 1995; Hayashi et al., 1995) .
